ABSTRACT Objectives: Fluid intake, one of the most common daily activities, has not been well studied in chronic kidney disease (CKD) populations, and clinical outcomes are rarely addressed. The aim of this nationwide study is to explore the influence of daily fluid intake on cardiovascular and all-cause mortality and its association with renal function.
INTRODUCTION
Chronic kidney disease (CKD) has become a global public health problem that is strongly associated with cardiovascular disease, endstage renal disease and mortality. 1 2 Although a variety of factors contributing to renal progression and survival outcomes have been elucidated in patients with CKD, the association between fluid intake and mortality has not been established. It is widely recognised that adequate hydration is essential for the body to maintain normal physiological function, including circulation, nutrient transport, excretion and regulation of body temperature. The European Food Safety Agency (EFSA) recommends a daily total water intake of 2.5 L for men and 2.0 L for women. 3 However, there is no evidencebased recommendation regarding fluid intake in CKD. There is accumulating evidence from animal and human studies regarding the beneficial effects of water intake on the kidney. [4] [5] [6] [7] [8] [9] In animal models, increased water intake has been associated with decreased proteinuria and delayed progression of CKD. 7 8 Information from human observational studies indicates a positive association between increased water intake and renal function. 4 5 Chronic mild-to-moderate dehydration has been associated with several disease states, such as fatal chronic heart disease and cardiovascular disease (CVD). 10 Although low fluid intake appears to correlate with increased comorbidities and reduced renal function, there is little information concerning the relationship between daily fluid intake and mortality in patients with CKD. Therefore, the purpose of our study was to determine whether low daily fluid intake was an independent risk factor for survival in CKD.
Strengths and limitations of this study
▪ The study used a nationwide population-based data set. ▪ The study explored the influence of daily fluid intake, and cardiovascular and all-cause mortality, and its association with renal function. ▪ The Dietary Food Frequency Questionnaire in the National Health and Nutrition Examination Survey III survey may not provide information on longterm diets nor accurately reflect actual intake.
MATERIALS AND METHODS Study design and participants
The third National Health and Nutrition Examination Survey (NHANES III), a cross-sectional survey of a representative sample of the US population from 1988 to 1994, obtained a random sample of non-institutionalised US citizens, using a stratified, multistage and cluster sampling design. Trained examiners obtained pertinent information during a home interview, including age, gender, race and medical history. In addition, dietary interviews were administered to all examinees by a trained dietary interviewer in a mobile examination centre. Nutrient intake was determined based on foods and beverages reported via 24 h dietary recall. Questionnaire data on food intake, intake of plain drinking water and salt use were also obtained. The reliability and validity of the Dietary Food Frequency Questionnaire for dietary use has been assessed previously. 11 12 Vital signs, anthropometric, physiological and laboratory investigations were included in this survey. Detailed descriptions of NHANES methodology and data collection have been published. 13 The NHANES III study received NCHS Institutional Review Board approval, and informed consent was acquired from participants prior to the start of the study.
Follow-up data
The NHANES III was not only a cross-sectional study but also obtained mortality follow-up data from the time of study participation. Mortality follow-up data (NHANES III Linked Mortality File) were provided by the National Center for Health Statistics according to a probabilistic match between NHANES III participants and National Death Index death certificate records. Follow-up data were obtained from the time of NHANES III study participation through 31 December 2006. 14 
Participant exclusion criteria
Among these populations, eligible individuals with incomplete data regarding daily fluid intake, renal function measurements, laboratory and clinical examinations or household interview, were excluded. Moreover, in order to minimise confounding, we excluded participants who were pregnant, used lithium or diuretics or who suffered from congestive heart failure.
Measurement of daily fluid intake
Daily total fluid intake was assessed using the 24 h dietary recall questionnaire. The questionnaire used standardised questions to help the respondents recall and describe the foods and beverages that they consumed. Daily total fluid intake was estimated from all foods and beverages consumed during the previous 24 h, including plain drinking water, spring water, and water contained in foods and other beverages. Owing to the absence of data regarding daily recommended fluid intake, we categorised daily fluid intake into four groups. The quartiles of daily fluid intake were as follows: Q1 ≦2.147 L/day, 2.147 L/day<Q2 ≦2.789 L/day, 2.789 L/day <Q3 ≦3.576 L/day and Q4 ≥3.576 L/day.
Measurement of renal function
Renal function was evaluated based on serum creatinine values, and calculation of the estimated glomerular filtration rate (eGFR) was based on the abbreviated Modification of Diet in Renal Disease study formula: eGFR=186.3×(serum creatinine in mg/dL) −1.154 ×age −0.203 ×(0.742 if female)×(1.21 if black). The presence of CKD was defined as either an eGFR of ≦60 mL/min/ 1.73 m 2 or the presence of albuminuria. The criterion for albuminuria was spot urinary albumin-to-creatinine ratio ≧30 mg/g.
Covariates
Age, gender, race and smoking status were obtained by self-reporting. Body mass index (BMI) was calculated as weight in kilograms divided by the square of height in metres. A mercury sphygmomanometer was used by an NHANES physician to obtain three to four blood pressure measurements. Averaged systolic and diastolic blood pressure readings were obtained. Diabetes mellitus (DM) was defined by self-reporting of a physician's diagnosis, a fasting glucose ≧126 mg/dL or the use of diabetes medications (including insulin injections or oral hypoglycaemic agents). Serum uric acid levels were measured using a Hitachi 737 automated multichannel chemistry analyser (Boehringer Mannheim Diagnostics, Indianapolis, Indiana, USA). Chemical analyses of total cholesterol and triglycerides were performed by the Lipoprotein Analytical Laboratory at Johns Hopkins University, Baltimore, Maryland. Apolipoprotein AI were measured by radial immunodiffusion or by rate immunonephelometric assay. All measurements were completed using standardised methods with documented accuracy, with respect to the Centres for Disease Control and Prevention (CDC) reference methods. Co-morbidities including cancer and chronic bronchitis were ascertained by self-reporting. 15 The HOMA-IR score was calculated using the HOMA-IR formula (HOMA-IR=fasting insulin (mIU/L)×fasting glucose (mmol/L)/22.5; fasting glucose used in this equation was measured by the hexokinase method and fasting insulin was measured using Merocodia Insulin ELISA). Details concerning data quality control have been published elsewhere. 16 
Statistical analysis
All statistical analyses were computed using SPSS (V.18.0 for Windows, SPSS, Inc, Chicago, Illinois, USA) complex samples to incorporate sample weights, and to adjust for the clusters and strata of the complex sample design. Descriptive results are expressed as means±SDs for continuous variables, and as numbers and percentages for categorical variables. Differences in the characteristics of the participants were examined by the χ 2 test, Student t test or Mann-Whitney U-test, as appropriate. We used quintile-based analysis by dividing the daily total fluid intake into quartiles with the subjects in the lowest quartiles serving as the reference group. For the longitudinal follow-up, overall survival was determined using the Kaplan-Meier method, based on the quintiles of daily total fluid intake. Univariable and multivariable adjusted Cox proportional hazard models were performed to investigate the association between all-cause mortality and daily total fluid intake after controlling for age, gender, race-ethnicity, BMI, waist, white blood cell count, eGFR, high-density lipoprotein (HDL) cholesterol, apolipoprotein AI, serum glucose, plasma fibrinogen, albumin, serum C reactive protein, smoke, cancer, emphysema, DM and arthritis. Univariable and multivariable adjusted Cox proportional hazard models were performed to investigate the association between the cardiovascular mortality and daily total fluid intake after controlling for age, gender, race-ethnicity, BMI, waist, white blood cell count, eGFR, HDL cholesterol, apolipoprotein AI, serum glucose, plasma fibrinogen, albumin, serum C reactive protein, smoke, cancer, emphysema, DM and arthritis.
RESULTS
The study included a total of 2182 participants aged more than 20 years who completed the dietary questionnaire and laboratory examinations. The characteristics of the participants by quartiles of daily total fluid intake were summarised in table 1. Of the 2182 participants, the mean age was 66.6 years with a SD of 10.24 years. Participants in a higher quartile of daily total fluid intake were inclined to have a higher BMI, waist circumference, eGFR, haemoglobin, serum low-density lipoprotein cholesterol and serum glucose. Participants with higher daily total fluid intake tended to have a history of smoking. Table 2 presents the descriptive data for the CKD (N=933) and non-CKD groups (N=1249). The mean ages for the CKD and non-CKD groups were 70.39 years and 63.76 years, respectively. The CKD group had a lower daily total fluid intake than the non-CKD group (2865.48 mL/day vs 3049 mL/day, p<0.001). There were significant differences in systolic blood pressure ( p<0.001), eGFR ( p<0.001), haemoglobin ( p<0.001), serum cholesterol ( p<0.001), plasma fibrinogen ( p<0.001), serum potassium ( p<0.001), serum phosphorus ( p=0.037), serum blood urea nitrogen ( p<0.001), serum creatinine ( p<0.001) and serum albumin ( p<0.001) between the two groups. The CKD group had a higher prevalence of cancer history than the non-CKD group.
In this study, the median length of follow-up was 15.4 years. Overall, there were 1080 all-cause deaths and 473 cardiovascular deaths. In the non-CKD group, there were 137 deaths (48 cardiovascular deaths) among participants who consumed ≦2.147 L/day, 137 deaths (56 cardiovascular deaths) among participants who consumed 2.147-2.789 L/day, 131 deaths (53 cardiovascular deaths) among participants who consumed 2.789-3.576 L/day and 126 deaths (48 cardiovascular deaths) among participants who consumed ≥3.576 L/day. Concerning the survival curve of the non-CKD group (figure 1), the probability of survival was highest in the ≥3.576 L/day category and lowest in the ≦2.147 L/day category ( p=0.001).
In the CKD group, there were 161 deaths (85 cardiovascular deaths) among participants who consumed ≦2.147 L/day, 145 deaths (63 cardiovascular deaths) among participants who consumed 2.147-2.789 L/day, 142 deaths (71 cardiovascular deaths) among participants who consumed 2.789-3.576 L/day and 101 deaths (49 cardiovascular deaths) among participants who consumed ≥3.576 L/day. Concerning the survival curve of the CKD group (figure 2), the probability of survival was highest in the ≥3.576 L/day category and lowest in the ≦2.147 L/day category ( p=0.009).
Regarding the all-cause mortality in the CKD group (table 3) Regarding cardiovascular mortality in the CKD group (table 4), the unadjusted HRs for each quartile of increasing fluid intake were 0.853 ( p=0.141), 0.844 ( p=0.145) and 0.841 ( p=0.173) for fluid intakes of 2.147-2.789 L/day, 2.789-3.576 L/day and ≥3.576 L/day, respectively, compared with ≦2.147 L/day. The multivariable adjusted HRs for each quartile of increasing fluid intake were 0.847 ( p=0.179), 0.870 ( p=0.198) and 0.827 ( p=0.236) for fluid intake of 2.147-2.789 L/day, 2.789-3.576 L/day and ≥3.576 L/day, respectively, compared with ≦2.147 L/day. Compared with the lowest quartile of fluid intake in the CKD group, a significant association was observed between the highest quartile of fluid intake and all-cause mortality in the univariable and multivariable adjusted analyses but not in cardiovascular mortality.
DISCUSSION
Our study is a longitudinal survey of noninstitutionalised US citizens that correlates all-cause mortality in non-CKD and CKD populations with total fluid intake and also cardiovascular outcomes. Our study showed that there was no benefit in cardiovascular mortality in patients with CKD with higher daily fluid intake as already demonstrated by the cross-sectional NHANES data from 2005 to 2006 by Sontrop et al. 17 The paper by Sontrop showed the total water intake as opposed to total fluid intake had no significant association with cardiovascular disease, but was significantly correlated with a positive outcome in the reduced incidence of chronic kidney disease. When total water intake was categorised into the intake of plain water and other beverages, CKD was associated with low intake of plain water (adjusted ORs 2.36, 95% CI 1.10 to 5.06) but not the other beverages. 17 However, the study was a crosssectional observational analysis that has limitations for making causal inferences. Our is the only study that does not suffer the dietary and fluid intake recall bias issue and actually measures 24 h urine volume. It is a longitudinal study over 7 years and involved over 2000 participants. The Sontrop paper measured both dietary and fluid intake and showed the significant correlation Adjusted for age, gender, race-ethnicity, BMI, waist, white cell count, eGFR, HDL cholesterol, apolipoprotein AI, glucose, plasma fibrinogen, albumin, C reactive protein, smoke, cancer, emphysema, DM and arthritis. BMI, body mass index; CKD, chronic kidney disease; DM, diabetes mellitus; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein.
with water but not with total fluid intake and provided an explanation for the discordance. To date, there has been no clear evidence that healthy individuals benefit from drinking water abundantly, but also none conceding a lack of benefit from doing so. In population-based cohorts, the risk of CKD and the annual decline in eGFR had been shown to be inversely correlated with 24 h fluid intake and urine volume. 4 In healthy volunteers, increased fluid intake improved the ability of the kidneys to excrete sodium, whereas the antidiuretic action of vasopressin resulted in substantial sodium retention. 18 Patients with higher urine volumes showed higher BPs, lower serum sodium levels and frankly hypotonic urine, suggesting a 'pushing diuresis'. Nevertheless, the underlying mechanisms of the responses of normal and injured kidneys to chronic changes in water intake are still poorly understood, and the clinical effect of daily fluid consumption on mortality and kidney function has seldom been addressed. Using a non-institutionalised, geographically dispersed and ethnically diverse national population-based sample, our study demonstrated that individuals in the highest quartile of daily fluid intake showed significantly better overall survival than participans in the lowest quartile of daily fluid intake with respect to all-cause mortality regardless of controlling for demographic factors and comorbidities at baseline. However, higher daily fluid intake was not associated with a reduction in long-term cardiovascular mortality. Baseline cross-sectional analysis revealed that there was no evidence for the association between lower daily fluid intake, and the risk of CKD and CVD.
The findings in the present study were not in line with those of the prior studies concerning all-cause mortality. 19 20 The discrepancies were likely because they used only estimated total fluid content of food and beverages but not water. In addition, body mass index (BMI) in patients with CKD showed a relatively consistent U-shaped association with all-cause mortality, with the best outcomes observed in overweight (25-30 kg/m 2 ) and mildly obese (30-35 kg/m 2 ) patients. 21 BMI levels above or below the nadirs (30-35 kg/m 2 ) indicated associations with increased mortality independent of the severity of CKD. In our study, the mean BMI (27.82 kg/ m 2 ) of individuals in the highest quartiles of fluid intake was closer to the nadirs (30-35 kg/m 2 ) rather than participants in the lowest quartiles of fluid intake, resulting in better survival.
Emerging evidence has shown the negative effect of low habitual fluid intake on some chronic diseases, such as asthma, cardiovascular disease, diabetic hyperglycaemia and some cancers. 22 Chronic fluid deficit may be a precipitating factor of mortality in a vulnerable population. A cross-sectional study, performed by Rasouli et al, 23 noted a positive link between serum osmolality and the prevalence of coronary artery disease, leading to a hypothesis that dehydration may play an important role in atherosclerosis. In our study, there was no benefit with respect to cardiovascular mortality in patients with CKD with higher daily fluid intake, which was consistent with the Netherlands study reported by Leurs et al. In that cohort study of 3970 individuals aged between 55 and 69 years, total fluid intake was, in neither men nor women, associated with ischaemic heart disease or stroke mortality over a 10-year follow-up period. 24 Inconsistent with the findings obtained in our study, a longitudinal study reported by Chan et al, 10 of 20 297 individuals living in California, revealed that high daily intake of water (five or more glasses) compared with low daily intake (two or fewer glasses), was associated with a relative risk of cardiovascular mortality of 0.46 in men and 0.59 in women. The possible explanation for the inconsistency of findings is that the study by Chan et al 10 has much greater power than our study, with vastly greater numbers of participants and, also, they looked specifically at water and not simply at total fluid intake, so it is more in keeping with the positive findings of Sontrop et al. 17 Since different measures of fluid intake and analytical mode may be confounded and overshadowed by baseline risks of CVD, different conclusions were made in these studies. It is an important weakness of the comparisons between the observational studies. Another potential explanation for the difference in cardiovascular mortality may be the high prevalence (97%) of early CKD (stage 1-3) in the CKD group in our study, attributing to lower burden of cardiovascular disease and associated mortality.
Although the existence of a link between increased fluid intake and reduced renal function in patients with CKD was plausible, there was little empirical evidence to establish a direct relationship between the two parameters. In a cross-sectional study from NHANES, higher water intake was associated with a non-significant adjusted risk of CKD compared with lowest water intake. 19 However, clinical evidence regarding the beneficial role of fluid intake on the improvement of renal function in patients with CKD remains controversial. Although the mechanisms driving these changes have yet to be clarified, it is tempting to speculate that the suppression of arginine vasopressin (AVP) induced by fluid ingestion impairs the worsening severity of renal damage and albuminuria by modulating tubular cell growth and increasing renal plasma flow along with glomerular hyperfiltration. 25 26 There were several limitations to the present study. Although the Dietary Food Frequency Questionnaire used in the NHANES III survey was validated, 24 h dietary recall may not provide an indication of long-term diet nor an accurate representation of actual intake. Moreover, the interpretation of our observations was limited by a failure to identify the composition of ingested fluids, reflecting the pivotal role of water and salt intake on volume status and plasma osmolarity. It would be more precise to obtain additional data during the follow-up period. The interaction between daily fluid intake and changes in renal function over time was not analysed, because fluid intake and other clinical variables were measured only once at enrolment of the cross-sectional data of NHANES III. Regarding its presence, CVD was determined via self-reporting in the NHANES III survey, thereby leading to the recall bias or misclassification.
In summary, participants with fluid intake ≥3.576 L/day had more favourable all-cause mortality than participants with fluid intake ≦2.147 L/day, but not more favourable cardiovascular mortality. Although no prospective randomised controlled trial was available, it appears that adequate hydration provides some advantage in patients with CKD. Providing specific recommendations regarding fluid intake in patients with CKD was not appropriate before determining if fluid or water intake was both beneficial and safe. Understanding the pathophysiological mechanisms of fluid intake may improve disease progression and outcomes in patients with CKD, and warrants further investigation. Contributors L-WW and W-LC contributed to the design of the study, were responsible for the management and retrieval of data, contributed to initial data analysis and interpretation, and drafted the initial manuscript. L-WW, W-LC, F-YL, Y-SS, H-FY, C-CW, C-ML and Y-TT designed the intervention and decided on the data collection methods. L-WW and W-LC were also responsible for the data analysis decisions. Y-TT conceptualised and designed the study, supervised all aspects of the study, critically reviewed and revised the manuscript, and approved the final manuscript as submitted.
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